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High-Energy Scattering vs Static QCD Strings
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Abstract. We discuss the shape of the interaction region of the elastically scattered protons stipulated
by the high-energy Pomeron exchange which turns out to be very similar with the shape of the static
string representing the confining QCD flux tube. This similarity disappears when we enter the LHC energy
region, which corresponds to many-Pomeron exchanges. Reversing the argument we conjecture a modified
relationship between the width and the length of the confining string at very large lengths.
PACS. 11.55.Jy Regge formalism – 12.38.Aw General properties of QCD (dynamics, confinement, etc.)
– 11.15.-q Gauge field theories – 12.40.Nn Regge theory, duality, absorptive/optical models – 11.25.Wx
String and brane phenomenology – 11.10.Jj Asymptotic problems and properties – 11.15.Ha Lattice gauge
theory
1 Itroduction
The basic element of the Regge framework to describe the
high-energy hadron scattering is the well-known expres-
sion
A(s, t) = β(t)
(
e−
ipi
2 s
)α(t)
+ . . . (1)
where α(t) is the leading (Pomeron) Regge trajectory. The
average transverse ( w. r. t. the collision axis) size of the
interaction region is given by the formula
< b2 >= 4α′(0) ln(s) + . . . (2)
Thus, in the Regge-pole framework the transverse size of
the interaction region widens with energy.
It is not difficult to obtain the average longitudinal
range of interaction which appears to be
R = < z1 − z2 >=< ∂(scattering phase)/∂pout‖ >=
= pi < α′(t) >
√
s/2 + . . . (3)
where z1,2 are longitudinal coordinates of the scattered
hadrons in the c.m.s., scattering phase = −piα(t)/2, t =
−2p2 + 2ppout‖ , s = 4p2 + 4m2.
In linear approximation for the trajectory, α(t) = α(0)+
α′(0)t, we obtain
R = piα′(0)
√
s/2 + . . . (4)
The fast growth with energy of the longitudinal interac-
tion range in diffractive scattering is known for a long time
(see f.e. [1,2,3,4,5,7]).
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We get the following relationship between transverse
(< b2 >) and longitudinal (R) sizes of elastic hadron scat-
tering (at large R)
< b2 >= 8α′(0) ln(R) + . . . (5)
So the transverse size of the interaction region increases
logarithmically with the growth of the longitudinal inter-
action range. Pictorially at large R it looks as a prolate
cigar-like region:
R 
< 𝒃𝟐>≡2w 
-p' p' 
Fig. 1. Interaction region.
2 The Shape of Static Strings
In paper [6] the question of the thickness of a static string
spanned by infinitely heavy quark-anti-quark pair was ad-
dressed. Trying different frameworks the authors came to
the conclusion that (the square of )the size of the trans-
verse quantum fluctuations of a string-like confining flux
grows logarithmically with the string length R.
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This growth is thought to overcome the classical mech-
anism of the chromo-electric flux squeezing (dual Meissner
effect).
Much later the same problem was studied in a more
rigorous way. In particular, in Ref. [7,8] it was shown that
in d = 2 + 1 dimensional space-time the confining QCD
string connecting two static sources (QQ¯) has the square
of half-width w2 (in the middle of the string length), which
grows with the length of the string R as
w2 =
d− 2
2piσ
ln(R) + . . . (6)
where σ is the string tension.
If we assume that at high energies the interaction re-
gion is close to axisymmetric form, then we have for its
half-width squared
w2scat =
< b2 >
4
= 2α′(0) ln(R) + . . . (7)
If to take into account the relation between the Regge
slope and string tension
α′ =
1
2piσ
(8)
then (6) and (7) coincide if d = 3 + 1, i.e. formally outside
the scope of the derivation of (6) in Ref. [1], where d =
2 + 1.
However, in paper [9] the same problem was studied in
4-dimensional space. The authors of this paper used the
same logarithmic relation with the coefficient B in front
of ln(R) as one of two free parameters for the fitting the
lattice data. Below we show their picture.
C. Widening in the mediator plane
Since our Ansatz fits quite well the flux tube profile, we
then utilize Eq. (18) to compute the width of the flux tube.
Additionally, we compute the error bar or the width with
the jackknife method. Our results for the width of the flux
tube in the mediator plane are shown in Fig. 11. As can be
seen, the tube flux becomes wider as the quark-antiquark
distance is increased. We then fit the flux tube width with
the leading-order one-loop computation in effective string
theory [47] corresponding to the linear fit,
!2 ¼ Aþ B logR: (26)
The fit results in A ¼ 0:1477 0:0035 fm2 and B ¼
0:0762 0:0090 fm2 with error bars computed with the
jackknife method. We find a rather small 2=d:o:f: ¼
0:383.
The B parameter can be compared with the theoretical
leading-order [47] value for the factor of the logarithmic
term,
B ¼ D 2
2
¼ 0:0640028 fm2 (27)
obtained using a string tension of
ffiffiffiffi

p ¼ 0:44 GeV [74].
In what concerns the constant A parameter, it is possibly
larger than the corresponding constant of the leading-order
expansion of the string theory, due to the intrinsic width of
the flux tube. The QCD flux tube is not tachyonic and its
width is always real and positive. Notice a simple expo-
nential profile according to Eq. (18) already leads for very
small distances to w2 ¼ 32=2 0:07 fm2. Indeed this
is similar to the width we get at our smaller distance of
R ¼ 4a ’ 0:4 fm.
Notice that the error bars of the fit of the width are much
smaller that the error bars for the parameters  and  at
larger intercharge distance R shown in Table I. This is
expected since at larger R, the profile error bars are larger
and the two parameters  and  become redundant. As for
data
fit: A + B * ln(R)
A = 0.1477 ± 0.0035
B = 0.0762 ± 0.0090
χ2/d.o.f. = 0.383
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FIG. 11 (color online). Square of the width of the flux tube
w2 ¼ hr2i in the mediator plane computed with our Ansatz. The
error bars are determined with the jackknife method. The solid
line corresponds to the fit of the widening of the quantum string.
FIG. 12 (color online). Lattice QCD data and fits with the exponential decay Ansatz for the profile of the action density in the planes
of the charges shown for R ¼ 4, R ¼ 8, and R ¼ 12.
TABLE I. Fits of the profile of the flux tube for the action density in the mediator plane for the
longitudinal component. We also consider a constant shift of the density, very small and not
shown here.
R½a 103L0 ½a ½a 2=d:o:f:
4 3:509 26:72 2:165 0:033 0:877 3:335 4.086
6 2:236 0:078 2:379 0:156 2:04 0:365 2.254
8 1:762 0:023 2:052 0:201 4:092 20:22 1.999
10 1:549 0:046 2:088 0:536 5:306 36:43 1.477
12 1:357 0:051 0:913 2:044 17:41 200:1 1.055
14 1:491 0:053 0:064 0:018 268:0 1392:4 1.331
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Fig. 2. The width squared of the qq¯ confining string as func-
tion of its length [9].
3 Reggeon Exchanges and Strings
If we identify the “static” coefficientB = 0.0762±0.0035 fm2
with 2α′(0) then we obtain
α′(0) = 0.9525± 0.04375 GeV−2 (9)
This slope is not very far from the values of the sec-
ondary Regge trajectories which are usually associated
with open qq¯ strings. So if the high-energy scattering were
defined by the meson trajectories we could conclude that
the interaction region is being stretched with the energy
growth as an open string.
We, however, know that actually it is not the meson
(secondary Reggeon) but the Pomeron trajectory which
dominates the high-energy behaviour. In this case the co-
efficient in front of ln(R) is four times smaller. How can it
be explained?
Usually one argues that taking into account the closed
string nature of the Pomeron we should get a twice smaller
coefficient corresponding to α′P = 0.5 GeV
−2. However the
high-energy phenomenology supports in a very strong way
even smaller slope:
α′P ∼= 0.25 GeV−2 (10)
If we assume that the closed (stretched) string shape
follows Eq.(6) with 4 times smaller coefficient in front
of ln(R) then we obtain the following estimate for the
Pomeron slope:
α′P(0) ' 0.24± 0.01 GeV−2. (11)
Actually the tension values of various kinds of closed strings
in the lattice framework were considered in Ref. [10] with
on of the results fairly close to that of high-energy phe-
nomenology:
α′P(lattice) ' 0.253(2) GeV−2. (12)
This is suggestive for the conclusion that the interac-
tion region of high-energy hadron scattering clearly bears
stringy features similar to the static string configurations
in spite of their physically extraordinary difference: a highly
dynamic phenomenon against the static one. In the case
of scattering we deal with fluctuating average length while
in Eq. (6) it is fixed parame er.
4 Breakdown of Reggeon-String Simil rity or
String Shape Modification?
We have to notice that Regge-Pomeron formula (6) begins
to dominate at energies not less than the ISR energies
(
√
s = 20 ÷ 50 GeV), this corresponds to the minimal
interaction length R = 1.5 fm, which is exactly at the end
of the lattice data at Fig.2.
If we believe that the interaction region looks like a
stretched string of non-zero transverse extent then we
come to a striking conclusion that these extremely stretched
configurations can survive without breaking up to mon-
struous lengths of order of 150 fm. This concerns high-
mass (' 1 TeV/c2) stringy configurations.
According to the ratio σel/σtot measured by the TOTEM
LHC Collaboration [11]
σel/σtot(TOTEM, 7 TeV) = 0.257± 0.005 (13)
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this means that the probability of the long string-like con-
figuration survival (before breaking out into the two elas-
tically scattered protons) is of order of 25%. Such a phe-
nomenon would mean that confinement is fairly important
not only at low-energy hadron physics but at high-energy
scattering as well.
Our arguments are heavily based on Eq.(7). However it
ceases to be adequate at very high energy though remains
a basic building block (eikonal) for the full unitary ampli-
tude in the Regge-eikonal framework. Latest experiments
at the LHC show that the width w2 as function of R signif-
icantly deviates from the simple logarithmic dependence
in the LHC energy region (see Fig. 3 below).
Fig. 3. The length dependence of the half-width of
the transverse interaction region of the elastic scatter-
ing of (anti)protons. w2scat =
<b2>
4
≈ 2α′P(0) ln (R) ≈
(0.14 fm)2 ln (R). The red point is the measurement of the
TOTEM Collaboration at 7 TeV. The data from the ALFA
experiment (ATLAS) [12] gives a close value. (The figure is a
modification of Fig.35 from Ref. [12])
At ultra-high energies the relationship between w2 and
R changes significantly as could be seen from the following
asymptotic behavior:
< b2 > (ultra− high energy) ≈
4 [αP(0)− 1]α′P(0) [ln(s)]2 + . . . (14)
Unfortunately we haven’t yet the analytic expression for
the phase of the scattering amplitude in this case and can’t
insist that the proportionality
R ∼ √s
still holds. However to trace the trend we can use the
asymptotic (actually at practically unavailable energies)
expression for the scattering amplitude:
T (s, t) ≈ 4piisR0(s)√−t J1(R0(s)
√−t), (15)
R20(s) = 4∆Pα
′
P(0) [ln(s)− ipi/2]2 ,
∆P = αP(0)− 1. (16)
We get for the interaction region scales:
R ≈ piα′P(0)∆P
√
s ln(s) + . . . , (17)
< b2 > = 4α′P(0)∆P [ln(s)]
2
+ . . . . (18)
If we try to assume that the similarity discussed above
persist at higher energies (larger R) then we come to the
following modification of the string width-length relation-
ship:
w2string = 2
∆P
piσP
[ln(R)]
2
+ . . . , (19)
where σP is the tension of the string corresponding to the
Pomeron while parameter ∆P can be only explained when
considering the trajectory deviation from the linear be-
havior at small unphysical values of the string mass (see
e.g. Ref. [13]). We have also to note that the value of
the tension σP = 1/(2piα′P(0)) may differ from the “quasi-
classical” tension of the straight-line string at high string
masses.
Fig. 4. Towards the similarity of multi-Reggeon exchanges
and account of possible topologies of the string.
The asymptotic form of the scattering amplitude (15)
is due to summation of infinitely many Reggeons. If to
liken the Reggeon to a string (a closed one in case of the
Pomeron) then this would correspond to summation in all
possible genera (handles and holes) of the string spanned
between the sources (see Fig. 4). We could conjecture that
account of higher genera in the problem of the static string
width dependent on its length leads to formula (19).
5 Conclusions
We have shown that the relationship of the transverse
and longitudinal interaction ranges which follow from a
one-Reggeon-exchange scattering amplitude is identical to
that of the static confining string. Reversing the argument
we conjecture on the basis of the Regge-eikonal asymptotic
for the scattering amplitude that account of higher gen-
era modify the dependence of the static string width on
its length.
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